[1] It is widely recognized that a significant negative excursion in carbon isotopic (d 13 C) differences between planktic and benthic foraminiferal tests occurred at the Cretaceous-Tertiary (K-T) boundary. We applied parametric and nonparametric breakpoint tests and statistical comparisons of different recovery models to assess the timing and pattern of recovery from this negative excursion at South Atlantic Deep Sea Drilling Project (DSDP) Site 528 and equatorial Pacific DSDP Site 577. Our results indicate a two-stage recovery with an initial recovery to an intermediate state of planktic-to-benthic d 13 C differences followed by a discontinuous shift to a final state with planktic-to-benthic d 13 C differences similar to preextinction values. The final discontinuous shift in both the Pacific and Atlantic Ocean sites occurred several million years after the K-T collapse of planktic-tobenthic d 13 C differences. Both the first and second stages of recovery are best described by damped exponential relaxations. The pattern and timing of this carbon cycle recovery may have been contingent on the occurrence of key biological events.
Introduction
[2] Many studies have shown that carbon isotopic (d 13 C) signatures of planktic marine carbonates rapidly declined by nearly 2% at the time of the Cretaceous-Tertiary (K-T) (Maastrichtian-Paleocene) boundary event [Arthur, 1979; Boersma et al., 1979; Hsü et al., 1982; Zachos et al., 1985 Zachos et al., , 1989 Zachos and Arthur, 1986; Arthur et al., 1987; Keller and Lindinger, 1989; ]. The d 13 C record of benthic marine carbonates did not decline in parallel with the planktic records [Zachos et al., 1985 [Zachos et al., , 1989 Zachos and Arthur, 1986; Arthur et al., 1987; ]. In effect, the d 13 C differences between planktic and benthic carbonates declined strongly at the time of the K-T (Chicxulub) impact event [Zachos et al., 1985 [Zachos et al., , 1989 Zachos and Arthur, 1986; Arthur et al., 1987; Stott and Kennett, 1989; D'Hondt et al., 1996] . The d 13 C records of benthic carbonates from different ocean basins similarly converged at the approximate time of impact [Stott and Kennett, 1989; Zachos et al., 1992] . After converging at the time of the K-T impact event, differences between planktic and benthic records eventually increased over hundreds of thousands of years [Zachos et al., 1989; Stott and Kennett, 1990; ]. They did not fully recover for more than 3 Myr after the impact event [Boersma et al., 1979; ].
[3] These records of planktic-to-benthic d 13 C differences have been consistently interpreted to indicate that the flux of organic carbon from the surface ocean to the deep ocean catastrophically declined at the time of impact and did not fully recover until the d 13 C differences again approached preimpact values [e.g., Zachos et al., 1989; D'Hondt, 1998 ]. The records of interbasin benthic d 13 C differences have been similarly interpreted [Stott and Kennett, 1989; Zachos et al., 1992] .
[4] The unusually low postimpact flux of organic carbon to the deep ocean has historically been ascribed to unusually low biological productivity (the ''Strangelove ocean'' model of Broecker and Peng [1982] ) [Hsü et al., 1982; Boersma, 1984; Hsü and McKenzie, 1985; Zachos et al., 1985 Zachos et al., , 1989 Zachos et al., , 1992 Zachos and Arthur, 1986; Arthur et al., 1987; Kennett, 1989, 1990; Barrera and Keller, 1994] . Many researchers inferred from their d 13 C records and other sedimentary data that a Strangelove ocean lingered for hundreds of thousands of years (or more) after the K-T impact event [e.g., Zachos and Arthur, 1986; Arthur et al., 1987; Stott and Kennett, 1989; Zachos et al., 1989] .
[5] Studies of this carbon event have generally accepted the Strangelove ocean model as necessarily applying to any hypothetical interval of dust-and sulfate-induced darkness that briefly followed the K-T impact. However, planktic-tobenthic d 13 C differences (and, by inference, the global flux of organic carbon to the deep ocean) remained unusually low for more than 3 Myr after daylight returned. This long interval of a low deep-sea carbon flux in a day-lit ocean has been interpreted as due to an unusually low flux of organic carbon to the deep sea in an ecologically altered normal productivity ocean (the ''living ocean'' model of D 'Hondt et al. [1998] ). Others might interpret it as due to the extraordinary persistence of a low-productivity Strangelove ocean.
[6] Proximate physical effects of the K-T (Chicxulub) impact have been extensively modeled. The durations of most such effects range from less than a second (the initial impact) to no more than a decade (global darkness, acid rain) [Melosh, 1989; Kring, 2000] . No proximate effects of any large-body impact have been sustained on multimillion year timescales in any quantitative models of impact phenomena.
[7] In contrast, empirical studies of biological diversity have consistently shown that the major mass extinctions are followed by multimillion year lags in diversification [e.g., Sepkoski, 1998; Erwin, 1998; Kirchner and Weil, 2000; Erwin, 2000] . Such lags in diversification are consistent with coupled logistical models of continuous sigmoidally increasing diversity, in which an early interval of little apparent diversification is followed by a late interval of rapid diversification [Erwin, 2000] . These lags are also consistent with models of multistage recovery of ecosystem structures, in which the first occurrence of a key ecological function may force a rapid reorganization of ecosystem structure and initiate a new round of biological diversification. In the latter models, measures of ecological structure may exhibit more than one equilibrium state, and biological diversification need not be continuous.
[8] These comparisons of d
13
C recovery, impact consequences, and biological diversification raise several related questions. Do d
C records of the early Paleocene marine carbon cycle exhibit a pattern of continuous recovery or of discontinuous recovery? Do these records exhibit any evidence of more than one equilibrium state? Given the relatively brief duration of proximate impact consequences, how can a living ocean model and/or a low-productivity Strangelove ocean model be used to explain a multimillion year interval of an unusually low organic flux to the deep sea? Finally, how might these d 13 C recovery models be related to models of biological recovery?
[9] In order to address these questions, we statistically assessed patterns of early Paleocene d 13 C recovery at southeastern Atlantic Deep Sea Drilling Project (DSDP) Site 528 and central Pacific DSDP Site 577. In these studies we statistically determined breakpoints in the recovery of d 13 C differences between planktic foraminiferal carbonates and benthic foraminiferal carbonates, and we statistically compared the recovery patterns of d 13 C differences to continuous and discontinuous one-stage and two-stage recovery models.
Data and Methods
[10] Isotopic records used for this analysis are from DSDP Site 528, located on the Walvis Ridge in the southeastern Atlantic, and DSDP Site 577, located on Shatsky Rise in the central Pacific ]. These isotopic difference records were calculated by D'Hondt et al.
[1998] using individual isotopic data from Shackleton et al. [1985] , Miller et al. [1987] , Corfield and Cartlidge [1992] , Zachos et al. [1989] , and D'Hondt and Lindinger [1994] . We make use of chronostratigraphic information from Berggren et al. [1995] , Bleil [1985] , Cande and Kent [1995] , and Chave [1984] .
[11] The current water depths for these two sites are given by Moore et al. [1984] and Heath et al. [1985] . Site 528 is at 3800 m below seafloor (mbsf); its paleodepth at the time of the K-T boundary event was $2700 mbsf. Site 577 is at 2675 mbsf; its paleodepth at the time of the K-T boundary event was $2750 mbsf. The paleodepths are based on the subsidence curves and isostatic adjustment procedures of Sclater et al. [1985] and R. Dietmar Mueller et al. (digital map of the ocean floor available in 1992 from the Internet by anonymous ftp at URL address baltica.ucsd.edu/pub/ global_age) and sedimentary data from Moore et al. [1984] and Heath et al. [1985] for DSDP Leg 74 and DSDP Leg 86, respectively.
[12] Factors that can affect the values of foraminiferal tests include the d
13
C of dissolved inorganic carbon (DIC) in the foraminifer's environment, the extent of any photosymbiont activity within the foraminiferal protoplasm, the test calcification rate, and any contribution of respiratory carbon during calcification. The influence of these factors generally depends on the species and test size examined. Fortunately, the d 13 C of DIC and the extent of photosymbiont activity vary predictably with depth (both photosymbiont activity and the d 13 C of DIC decrease with increasing depth in the water column).
[13] To minimize the effect of these factors on our analysis of recovery patterns, we separately analyzed three different categories of planktic-to-benthic d 13 C difference records. The first category contains planktic-to-benthic records defined by planktic species that are inferred to have dwelt near the ocean surface. These near-surface planktic species included taxa inferred to have been photosymbiotic (Paleocene Morozovella species) and taxa inferred to have been asymbiotic (Cretaceous Rugoglobigerina rotundata and Paleocene Praemurica taurica) ]. This category contains two records: the Site 528 surface-benthic record and the Site 577 surface-benthic record. The second category is defined by planktic species inferred to have dwelt near the ocean surface and to have been asymbiotic (the Site 528 asymbiotic surface-benthic record). These planktic species were Cretaceous Rugoglobigerina rotundata and Paleocene Praemurica taurica at both sites [D'Hondt and Zachos, 1993, 1998 ]. The third category is defined by planktic species that are inferred to have lived deeper in the water column and not to have been significantly photosymbiotic (e.g., the ''intermediate-depth '' species of D'Hondt et al. [1998] ). These species included Cretaceous Pseudotextularia elegans and Paleocene Eoglobigerina eobulloides and Parasubbotina pseudobulloides at Site 528 and Cretaceous Pseudotextularia and Paleocene Subbotina species at Site 577 [D'Hondt and Zachos, 1993, 1998 ]. This third category contains two records: the Site 528 intermediate-benthic record and the Site 577 intermediate-benthic record.
[14] For the purposes of our modeling, the standard measure of location within each core (mbsf) is converted to meters above the K-T boundary. Thus for example, the K-T boundary is located at zero on the time-related sedimentation axis. Age estimates of different stratigraphic layers are based on the stratigraphic data of D'Hondt et al. [1998] and the age model of Berggren and Norris [1999] .
Breakpoint Analysis
[15] Two iterative breakpoint techniques were employed to select the ''initial'' and ''final'' recovery regions for each data set: a serially dependent t test-based analysis and a Mann-Whitney U test-based analysis. The latter ensures the strength of the breakpoint analysis in light of the fact that the data do not meet the t test's assumption of normally distributed data [see Wilks, 1995, Table 8 ]. The breakpoint analyses were both performed using scripts modeled after these two difference-of-mean methods described by Wilks [1995] .
[16] The significance of a breakpoint between every pair of data points in each series was calculated and compared with all other potential breakpoints. The most significant breakpoint was selected for each of the four series. Because the data are all significantly serially correlated, an effective sample size that considers serial correlation was incorporated into the breakpoint analysis. The effective sample size was determined by
where N is the sample size and r 1 is the lag 1 correlation coefficient.
[17] This analytical approach identifies both positive breakpoints (intervals of d 13 C difference recovery) and negative breakpoints (intervals of d 13 C difference collapse). The recovery breakpoints yield estimates of the times of recovery of d 13 C differences between planktic and benthic carbonates. The collapse breakpoint similarly yields an estimate of the time(s) of collapse of planktic-to-benthic d 13 C differences.
[18] This method of breakpoint determination is vulnerable to statistical complications associated with multiple comparisons. In the Mann-Whitney breakpoint tests we thus employ a common multiple comparisons adjustment procedure: the Bonferroni adjustment. We use this adjustment to safeguard against undue magnification of the type I error rate, i.e., the probability of rejecting our null hypothesis of no difference of means between the two populations when it is, in fact, true. The procedure is to multiply the unadjusted P values for each breakpoint determined by the number of tests (here, m = N 0 ) and compare this value (mP) to the selected significance level (a = 0.05). The significance values shown for the Mann-Whitney results are adjusted in this manner. The t test results and unadjusted Mann-Whitney test results were of very similar magnitude. Consequently, comparison of the t test results and the adjusted Mann-Whitney results in Table 1 allows for a comparison of significance values determined with and without consideration of the multiplicity problem. Relying on the Mann-Whitney results safeguards against the multiplicity problem as well as any issues arising from nonnormal residuals. A more detailed discussion of the multiplicity issue is given by Cook and Farewell [1996] .
Model Selection
[19] The statistically determined breakpoints of each series were incorporated into a ''best fit'' analysis of four different model types. In order of increasing statistical complexity, these models are (1) a discontinuous one-stage recovery model consisting of distinct initial depressed and final recovered mean states (''two-mean recovery model''), (2) a continuous one-stage recovery model consisting of a damped exponential relaxation from the initial depressed to final recovered state (''single-exponential recovery model''), (3) a two-stage recovery model consisting of an initial damped relaxation to an intermediate depressed [20] The ''relaxation'' components of the statistical models follow the damped exponential form:
The best parameters of this exponential form were calculated for each individual model by also using the chi-square test of best fit. A wide range of values of A, B, and a were used to minimize the mean square error of a fit of equation (2) using an iterative global minimization procedure. This procedure calculates the mean square error for a wide range of values of each variable and selects the combination of values that minimizes the mean square error. The selected parameters are then used to test the four model types using a c 2 goodness-of-fit test according to
where s 2 is the variance of the observed series, y i is the observed series, and y(x i ) is the theoretical series [Bevington, 1969] . The reduced chi-square statistic (see below) was evaluated at the effective sample size N 0 to account for the effects of serial correlation. The reduced chisquare statistic is calculated according to
where u is the effective degrees of freedom:
[21] We determined the ''best'' recovery model by comparing the strength of the fit of each model. To gauge the best fit, the reduced chi-square value was computed and analyzed using the serially dependent number of degrees of freedom (i.e., N 0 ). For each analysis, values of P closest to one were considered the best models (i.e., the least significantly different from the actual data).
Results

Breakpoint Analysis
[22] All four data series have statistically significant recovery breakpoints (Table 1) . The significance values represent the probability that the two means on either side of the breakpoint are from the same distribution. Only three of the five series were Gaussian normally distributed; the other three were slightly non-Gaussian. Because nonnormal data are in violation of the method of the t test, performing the nonparametric Mann-Whitney test adds confidence to the existence and significance of the breakpoints. Additionally, our correction of the significance values because of the multiplicity problem or multiple tests also adds strength to the breakpoint results.
[23] For the two series that included enough pre-K-T data (the Site 528 asymbiotic and intermediate series), the tests were run across the K-T boundary to determine whether the data included a statistical breakpoint at the K-T boundary. A K-T breakpoint was indeed significant in both series. See auxiliary material 1 to view the Mann-Whitney results for the K-T breakpoint analysis. For both sites the t test and the Mann-Whitney test yield almost identical breakpoints (see Table 1 ). It is not surprising that the breakpoint analyses across the K-T interval generally detect the K-T boundary, a physically marked boundary in the cores, as a distinct breakpoint. Most previous analysts have consistently recognized that the end of the Cretaceous collapse of surface ocean d
13 C values occurs at the impact debris horizon that defines the K-T boundary [Hsü et al., 1982; Arthur et al., 1987; Zachos and Arthur, 1986; Zachos et al., 1989; Stott and Kennett, 1989; ].
[24] On the basis of the Mann-Whitney results, the primary recovery breakpoint identified for the Site 528 surface and intermediate gradients was between 16.79 and 18.33 m above the K-T boundary (Table 1) . Because the asymbiotic series ends near the primary breakpoints of the other data series at this site ($17 m above the K-T boundary), we cannot use the asymbiotic series to test for a breakpoint at the depth of the other series' primary breakpoints.
[25] Both the intermediate and surface data series from Site 528 show secondary breakpoint peaks $5 m above the K-T boundary (Table 1) . The principal recovery breakpoint in the Site 528 asymbiotic series is also $5 m above the K-T boundary (Table 1 ). The concurrence of these breakpoints provides statistical evidence of an early recovery period $500,000 years after the extinction. This early recovery period coincides with the recovery period identified by Zachos et al. [1989] and Stott and Kennett [1989] and described as the ''early recovery'' interval by D'Hondt et al. [1998] .
[26] The pattern of recovery breakpoints at Site 577 closely resembles that at Site 528. For Site 577 a breakpoint between 7.19 and 7.99 m above the K-T boundary was determined in the surface series, and a breakpoint between 5.49 and 5.59 m above the K-T boundary was identified in the intermediate series in Table 1 . Both of these breakpoints occur between $61 and $62.5 Ma. Except for the short Site 528 asymbiotic data series, the timing of the primary breakpoints in all of the analyzed series from Sites 528 and 577 was between $61 and $62.5 Ma (see especially Figures 1, 3, 4 , and 5).
Chi-Square Goodness-of-Fit Model Analysis
[27] Tables 2, 3 , and 4 show the general and detailed results of the best fit model analyses. All three series have significant serial correlation coefficients, and thus the effective sample sizes (i.e., N 0 ) are smaller than the actual sample sizes. Figures 1 -5 display the nature and strength of the models for each data series (see auxiliary material 2 figures). All data sets exhibit a preference for a model including a negative exponential recovery period between the K-T boundary and the statistically established recovery breakpoint. This preference for an initial negative exponential recovery period, across all sites, is interesting to note in light of the great spatial separation of the two sites.
[28] It should be noted that the best model fits for the Site 528 surface-benthic gradient series are not as strong as for the other series. This weakness can be attributed to the very small effective sample size at which the c 2 values are evaluated (the strong serial correlation of these two series greatly reduces the strength of the fit). The reduced c 2 values for the residuals of the best models are found in Table 5 . [29] After approaching relatively stable mean values in the upper portion of the initial negative exponential recovery period, all data series jump to a relatively stable condition similar to preextinction levels at the stratigraphic depth of the primary recovery breakpoints in the Site 528 surface and intermediate series and the Site 577 surface series (Figures 1 -5) . The stratigraphic interval of these breakpoints approximately corresponds to the depth of the foraminiferal zone P1/P2 boundary ]. recovery of planktic-to-benthic d 13 C differences to higher values. This two-stage recovery consists of a continuous initial relaxation toward a temporary state of relatively low d 13 C differences, followed by a discontinuous adjustment to near preboundary isotopic values nearly 4 Myr after the K-T event. The fact that all the data from both the Pacific site and the Atlantic site are best fit by recovery models of similar form (i.e., both initial, negative exponential recovery and a discontinuous stable final recovery) supports the global extent of this open ocean d 13 C response to the K-T extinction. Furthermore, the temporal coincidence of the breakpoints identified for both sites provides statistical evidence of a globally consistent recovery to the K-T extinction.
Discussion
[31] The breakpoint results are important because they suggest a quite significant, distinct initial recovery period (stage 1), followed by a discontinuous jump to a state of equilibrium (stage 2). The initial recovery period best matches a negative exponential recovery model. As noted in section 3.1, this initial stage of recovery corresponds to the recovery period identified by Zachos et al. [1989] and Stott and Kennett [1989] and described as the early recovery interval by D'Hondt et al. [1998] . During this early stage the recovery appears to have taken the form of a continuous gradual increase toward relatively low planktic-to-benthic d 13 C differences. This pattern of early recovery is consistent with a continuous gradual recovery of the organic flux from the surface ocean to the deep ocean.
[32] The breakpoint analyses of the surface and intermediate data series from Sites 528 and 577 indicate that this early stage of continuous recovery (stage 1) was followed by a discontinuous jump to a state of equilibrium (stage 2) nearly 4 Myr after the K-T boundary. After this final recovery event, planktic-to-benthic d 13 C differences were close to preimpact differences. This disjointed recovery suggests the oceanic carbon system reacted discontinuously in its postextinction recuperation. If preimpact and postimpact d 13 C differences are interpreted in the usual manner (as representing the flux of organic carbon from the surface ocean to the deep ocean), then this two-stage d
13
C recovery corresponds to a two-stage recovery of the mean organic flux from the surface ocean to the deep ocean.
[33] It would be very difficult to reconcile the long delay in final recovery of the oceanic carbon system with any purely physical model of impact consequences (such as darkness due to the atmospheric loading of postimpact dust) [Arthur et al., 1987; Stott and Kennett, 1989] . As noted in section 1, most proximate effects of the K-T impact (such as global darkness and acid rain) are modeled to have lasted C gradient data points. Bold curve is used for both initial recovery period models. Light curve shows models preferred in only one of the recovery scenarios.
less than a few decades, and none have been modeled to last several million years [e.g., Kring, 2000] .
[34] However, the long delay in final recovery of the marine carbon cycle can be reconciled with biological models of mass extinction and recovery [Arthur et al., 1987] . The two-stage pattern of recovery can also be reconciled with biological models of mass extinction and recovery. The long delay and the two-stage recovery pattern are readily compatible with the living ocean model of D'Hondt et al. [1998] . They are also potentially consistent with a low-productivity Strangelove ocean model.
[35] The living ocean model assumes that marine biological production recovered as daylight returned following the impact and that the unusually low planktic-to-benthic d 13 C differences of the early Paleocene resulted from an unusually low fraction of marine production sinking to the deep ocean. If we apply this model to the post-K-T recovery of planktic-to-benthic d 13 C differences, then the stage 1 interval of continuously recovering d 13 C differences primarily resulted from a continuous increase in the fraction of marine biological production that sank to the deep ocean. With this model the stage 2 interval of discontinuous recovery of d 13 C differences would have similarly resulted from a rapid increase in the fraction of marine biological production that sank to the deep ocean.
[36] The living ocean model effectively assumes that the recovery of marine carbon fluxes was contingent on the recovery of ecosystem structure. From this perspective the first stage of organic flux recovery corresponded to an early postextinction interval of gradual ecological recovery and the second discontinuous stage of recovery resulted from a later rapid reorganization of ecosystem structure. The recovery of ecosystem structure may in turn have been contingent on one or more key biological events (such as a key evolutionary innovation), with the final discontinuous carbon system recovery occurring at the approximate time of the final key biological event(s).
[37] Within the context of a living ocean model, rapid reorganization in stage 2 could have resulted from any one of many different ecological events. For example, the proportion of organic matter that sank from the surface ocean to the deep ocean would have rapidly increased if mean phytoplankton size increased (e.g., if coccolithophorids or diatoms displaced photosynthetic bacteria in portions of the world ocean) or if higher trophic levels had increased their packaging of organic waste in relatively large coherent particles (e.g., if bony fish and/or copepods began to crop a greater fraction of primary production) ].
[38] Whatever its ecological cause, the stage 2 increase in the flux of organic matter from the surface ocean to the deep ocean could have initiated a new round of biological diversification. For example, the increased flux of organic matter to the deep sea would have stripped standing biomass and biologically limiting nutrients from the surface ocean. The resultant decrease in prey density (for zooplankton) and nutrient availability (for phytoplankton) could in turn have initiated diversification of photosymbioses in middle Paleocene oceans. Such a diversification of photosymbiotic taxa is exemplified by the middle Paleocene diversification of photosymbiotic planktic foraminiferal Statistically ''preferred'' models for a given data series. species (Morozovella and Acarinina) Norris, 1996] . This diversification nearly doubled the standing diversity of planktic foraminifera [Olsson et al., 1999] . In short, a living ocean model implies that the recovery of ecosystem structures may occur in multiple stages, measures of ecological structure may exhibit more than one equilibrium state, and biological diversification need not be continuous.
[39] The Strangelove ocean model effectively assumes that a fixed proportion of marine biological production sinks to the deep ocean and that the low planktic-to-benthic d 13 C differences of the early Paleocene resulted from an unusually low level of marine production. If we apply a lowproductivity Strangelove ocean model to the two-stage recovery of planktic-to-benthic d 13 C differences, then the first stage of organic flux recovery corresponded to an interval of gradually increasing marine biological production, and the second discontinuous stage corresponded to a later rapid return to the preimpact level of marine biological production.
[40] Marine biological production could have been held below its preimpact level for millions of years if some key physical property (such as the incidence of light) was also below its preimpact level for the same interval of time. However, it is very difficult to sustain this interpretation or any other Strangelove ocean interpretation that relies on a purely physical model of impact (because the physical effects of large-body impacts do not persist on million year timescales) [Arthur et al., 1987] .
[41] Marine biological production could also have been held below its preimpact level if the oceanic concentration of a key nutrient (such as dissolved phosphorus or iron) was held below its preimpact level. Such an interpretation would require that the oceanic concentration of the limiting nutrient decline precipitously at the time of impact, gradually recover over several (1 -3) million years toward low but relatively stable values, and then discontinuously recover to an approximately preimpact level nearly 4 Myr after the impact and extinction event.
[42] Possible effects of the K-T impact and mass extinction on oceanic nutrient cycles have not been closely examined. The physical consequences of large body impacts are not obviously linked to precipitous declines in oceanic nutrient concentrations. Also, given the long timescale of early Paleocene d 13 C recovery and the short timescale of modeled impact consequences, it appears likely that any long-term disruption of oceanic nutrient cycles would be a likelier consequence of biogeochemical disruption by the mass extinction (such as postextinction modification of biologically enhanced weathering processes) than of direct physical or chemical disruption by large body impact. Given this circumstance, with a nutrient-limited Strangelove ocean model the first stage of d 13 C difference recovery marks an interval of continuous recovery of some key biogeochemical process, and the second stage marks the final discontinuous recovery of that process. As with the recovery of ecosystem structure in the living ocean model, any such final recovery of a key nutrient cycle may in turn have been contingent on a key biological event, with the final discontinuous carbon system recovery occurring at the approximate time of the key biological event.
[43] It is not crucial to this study whether the two-stage, multimillion year recovery of planktic-to-benthic d 13 C differences is ultimately explained by a living ocean model or a low-productivity Strangelove ocean model. Independent of such explanations, the study provides Y is the gradient value, and x is the location above the K-T boundary. b The surface-and intermediate-to-benthic gradients both contained two points after the K-T boundary that were similar in magnitude to the pre-K-T values. These values were removed for the best fit analysis. Statistically preferred models for a given data series. 
